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ABSTRACT
Optical fibers are a key component for high-resolution spectrographs to attain high precision in radial velocity
measurements. We present a custom fiber with a novel core geometry - a ’D’-shape. From a theoretical stand-
point, such a fiber should provide superior scrambling and modal noise mitigation, since unlike the commonly
used circular and polygonal fiber cross sections, it shows chaotic scrambling. We report on the fabrication pro-
cess of a test fiber and compare the optical properties, scrambling performance, and modal noise behavior of the
D-fiber with those of common polygonal fibers.
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1. INTRODUCTION
Optical fibers play an important role in high-precision spectroscopy. Their usage not only allows to detach the
spectrograph from the telescope but fibers also offer a superior illumination stability compared to slit spectro-
graphs, which is essential for high-precision radial velocity measurements.
In the last couple of years, astronomers have benefited from the availability of fibers with non-circular cross
sections, which have been shown to provide a more stable output1,2 and which are used nowadays in many
modern spectrographs.3–5 This experimental fact has been exploited without a detailed explanation of the
theory. Often, fibers are produced for other industrial applications and might therefore not be optimized for
astronomical spectrographs. In this paper we discuss the question of whether the currently used fibers can be
further optimized in terms of their shape to provide higher scrambling values.
In section 2 we present simple ray trace simulations and discuss a theoretical framework that helps to predict
the optical behavior of fibers with different cross sections. In section 3 we describe the manufacturing process
of a D-shaped fiber that was manufactured as a model for a so called chaotic fiber. In section 4 we present
experimental results of how chaotic fibers compare to other core shapes regarding their scrambling and modal
noise behavior.
2. THEORY
Optical fibers are among the most developed and evolved optical components made out of the purest glasses
available. This makes them well suited for theoretical studies and simulations. This is useful because fibers are
not available in arbitrary shapes and sizes and custom fiber draws are rather expensive.
Already in the early days of fibers being used in astronomy, light propagation in fibers and how it affects the
scrambling was analyzed and the poor radial scrambling of circular fibers could be explained.6 More recently,
ray trace simulations were performed to give insight into the behavior of non circular cross section fibers.7
Here we used the commercial software ZEMAX to mimic our experiments, which are presented in section 4.
A circular light source is imaged onto a fiber and moved across its surface. The fiber is represented by a solid
glass rod surrounded by another silica tube, with their refractive indices matching the standard NA of 0.22. To
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Figure 1: TOP: Raytrace simulation of a 100µm circular fiber when illuminated with a 5µm spot. The gray
circle indicates the input position of the spot. BOTTOM: Near field cross section of simulated and experimental
data for the same fiber. By including scattering effects, a good quantitative match between experiments and
simulations can be achieved.
validate this simple model, we compared our simulations to the measured output of a standard 100 µm circular
fiber illuminated with a 5µm spot (Fig. 1).
When no scattering effects are taken into account, the simulation shows more pronounced features in the near
field. Using the bulk or end-face scattering functions of ZEMAX, a good match between the experiment and
the simulation can be achieved (see bottom of Fig. 1). The scattering parameters where set manually to match
the experimental results. No attempt was made to provide physical justification and trace different scattering
processes. However, providing empirical data of the scattering properties of fibers in ZEMAX and accounting
for them accordingly might allow for quantitative models. This will be necessary for analyzing FRD effects, as
scattering effects play an important role here.8 In general, random scattering effects will decrease the contrast
of illumination inhomogeneities.
By assuming the large core optical fiber to be homogeneous and ideal in the Z-direction, the fiber model can
be further simplified to a 2D model where the ray propagation is modeled by the friction-less motion of a particle
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Figure 2: Three different billiard tables illustrating the different dynamical behavior. The black circle indicates
the initial starting positions of 200 trajectories (blue) with random orientation. In red an arbitrary ray is
highlighted. The circular billiard shows regular motion for all initial conditions. The highlighted trajectory
shows a clear visible caustic - a boundary that will never be crossed by this orbit. For the square billiard, all
orbits cover uniformly the table but the trajectories still follow a regular pattern. For the D-shape the trajectories
are chaotic, no regular pattern can be observed and orbits with similar initial conditions quickly diverge.
within the fiber core’s boundary. This system is called a dynamical billiard, a standard problem of dynamical
system theory. The equivalence of a step index fiber with a dynamical billiard can also be derived directly from
the Helmholtz equation.9 The basic idea is that the underlying dynamics of the billiard system tells us more
about the optical behavior and that scrambling or modal properties can be derived from this theory.
The dynamics in a billiard can show all types of behavior from regular motion to chaotic systems, depending
exclusively on the shape of the boundary. In numerous studies, the dynamic behavior of all kinds of boundary
shapes has been extensively analyzed. The findings that are interesting in the context of scrambling are that
circular and elliptical billiards are integrable. In an integrable billiard, the motion for all starting conditions is
regular. As neighboring starting conditions lead to almost identical motion patterns in such a system, there is a
strong coupling between the input and the output in fibers with such a shape.
Polygonal shapes are special, because their boundary is not twice differentiable and they are called pseudo-
integrable.10 Two properties of polygons are of special interest for us: First, it can be shown that all trajectories
uniformly cover the whole cross section unless the trajectory is a (closed) periodic orbit.11 Second, the dynamics
are not chaotic, meaning that neighboring rays do not diverge exponentially. Slight perturbations will propagate,
but perturbations do not grow or diminish. While the first point is favorable in terms of illumination homogeneity
and stability, the second means that neighboring trajectories are still correlated.
In contrast, in a chaotic billiard, neighboring trajectories quickly diverge. After a few bounces it is impossible
to trace a trajectory back to its exact initial launching conditions. Therefore, in this idealized picture, a fiber
with underlying chaotic dynamics is a perfect scrambler, as it ’loses memory’ of its initial state.
For an illustration of the different dynamical behavior of the mentioned boundary shapes see Fig.2.
It should be noted that the concepts presented here in a simplified, pure ray-based picture also hold true
when fibers are treated as wave-guides where modal effects complicate the situation. In fact, it is has been shown
theoretically and experimentally that the modal statistics in a chaotic fiber are different from those in integrable
systems.9
3. A CHAOTIC FIBER
Based on the conclusions from the previous section and considering the results of other groups in the context of
fiber lasers,9,12 we opted for a fiber shape that shows chaotic dynamics. We have chosen a D-shape, where the
straight cut occurs at 3/4 of the fiber diameter. D-shaped fibers have already been investigated experimentally as
well as theoretically in other studies.9,13 This shape is also relatively easy to manufacture. For a spectrograph,
however, other (chaotic) shapes are better suited: stadium shapes (half-circles connected by straight sections)
or regular polygons with rounded corners better fit a spectrograph slit.
Our fiber was manufactured by IPHT Jena. The core of the fiber is made of a synthetic silica (F300, Heraeus)
rod with the D-cut mechanically ground. The core was inserted into a commercial F-doped tube (F320, Heraeus)
with dimensions of 22.5× 16.4 mm (OD x ID). The gap between the cladding and the D-shaped core was filled
with a refractive index adjusted F-doped silica glass fabricated by the reactive powder sintering technology (a.k.a.
REPUSIL process).14 Finally, fibers with 35µm, 67 µm and 100 µm cores, each 100 m long, were drawn from the
preform and coated with Ormocer. Figure 3 shows the refractive index cross-section of the preform and a visual
cross-section of the 100 µm fiber. Due to a slight mismatch in the refractive index between the REPUSIL material
and the outer cladding, some light is guided in the missing D-section, but only when directly illuminated.
Compared to a commercial OptranWF fiber from CeramOptec, we measured a 10 % reduced throughput from
450 nm to 550 nm for an equally long fiber. For longer wavelengths, the difference in throughput decreases (to
6 % at 850 nm). We therefore suspect that scattering effects are the dominant source of the increased light loss.
Figure 3: LEFT: Measured refractive index profile of the preform. Right: Microscope image of a cleaved 100µm
D-shaped fiber. Due to a slight mismatch of the refractive index of the REPUSIL material and the cladding,
some light is guided in REPUSIL part when illuminated, making it appear brighter than the cladding.
4. SCRAMBLING AND MODAL NOISE
To measure the scrambling gain of the fibers, a small pinhole is imaged onto the front face of the fiber and moved
across it. Output and input are recorded and analyzed. The setup as well as the data reduction is described in
detail in another conference proceeding.15 The pinhole is swept across the fiber input several times. A typical
result can be seen in Fig. 4. We calculate the scrambling gain as
SGmin = ∆dmax/∆Fmax, (1)
where ∆dmax is the maximum movement of the pinhole. ∆Fmax is the maximum shift of the barycenter of the
near field at the output of the fiber. We discard the top and bottom 2.5 % of the distribution in order not to
be dominated by outliers. This modification of the scrambling gain leads to more reproducible results, as fibers
often do not show a strict linear relation between input and output shifts.
Fig. 4 shows the results of scrambling gain measurements for various fibers available in our lab. As expected,
circular fibers show the lowest SG. In general the length of the fiber also matters. The number above the markers
in Fig. 4 shows the length in meters and one can see that SG increases significantly with length for the same fiber
type. The D-shaped fiber outperforms other fibers of similar size and length - a strong indication for superior
Figure 4: Left: Scrambling gain measurement for 67µm d-shaped fiber at f/3.5 and λ=(600± 20) nm. The
classical, linear scrambling gain is shown as a linear fit, while the SGmin metric is derived from the full distribution
of datapoints. The image barycenter of the output fiber face was measured in X (top) and Y (bottom) while
sweeping the location of a 10µm pinhole multiple times across the input face of the fiber. Right: Scrambling
gain vs fiber area in µm2 for all tested fibers, averaged over three wavelengths and for f/3.5 and f/4. The length
of each fiber in meters is shown above each marker.
scrambling properties. Each data point in Fig. 4 is an average over many scrambling measurements taken with
different input f -ratios and different broadband (∼40 nm bandwidth) filters from 400 nm to 900 nm.
For measuring the influence of the fiber shape on the modal behavior of the fiber, we replaced the white light
illumination source with a HeNe laser for three different fibers, a circular, an octagonal, and a d-shaped fiber,
each with 100µm diameter. In a first test we calculated the Michelson contrast in the near-field of each fiber.
The fiber is left untouched during the measurement. After that the fiber is agitated by attaching a magnet onto
the protection tube of the fiber and shaking it by the varying magnetic field of an electric coil at 60 Hz. The
fibers were bound together to assure a common mechanical movement.
For the static fiber, the Michelson contrast is close to 1, as expected for highly coherent light sources (see Fig.
5). Here, the shape of the fiber makes no difference, which also agrees with theory. To calculate the Michelson
contrast for the agitated fiber, we averaged 21 1 s frames each. Agitation reduces the contrast in the near-field
of the circular fiber to about 0.13. For the octagonal and the D-shape fiber we find values which are smaller by
a factor of two. We conclude that modal suppression by agitation in a circular fiber is less efficient. The speckle
pattern is in a sense more stable and less affected by perturbations. Further measurements have to show if there
is a significant difference between the speckle behavior of polygonal fibers versus the D-shaped fiber.
More direct proof of the highly correlated movement of speckles in a circular fiber is given by analyzing a
timeseries of speckle images of each fiber. Instead of agitating the fiber, the laser spot is moved across the
fiber input face, similar to a scrambling gain measurement but with a drastically reduced scanning speed. From
the resulting series of speckle images (around 100 per fiber), the optical flow is calculated for all consecutive
images. Figure 6 shows the averaged optical flow across the fiber. The circular fiber shows a strongly correlated
movement of the speckles (i.e. a rotation-like movement) when moving tangential to the boundary. This cannot
be seen for the square fiber or the D-shaped fiber. This may be seen as a direct indication of how the speckle
movement reflect the underlying dynamics of the system.
5. CONCLUSION AND OUTLOOK
We have presented ray tracing simulations and a theoretical approach to better understand the different perfor-
mance in scrambling and modal noise suppression of differently shaped optical fibers. Based on the conclusion
that fibers with chaotic dynamics should perform best, we manufactured D-shaped fibers and tested their scram-
bling and modal behavior. First results show excellent scrambling performance, possibly outperforming polygonal
Figure 5: TOP ROW: Speckle images of unshaken fibers under monochromatic illumination show a Michelson
contrast close to 1 regardless of their shape. BOTTOM ROW: Shaking the fibers reduces speckle contrast.
Circular fibers perform worst (Michelson contrast of 0.13) compared to octagonal and d-shaped fibers (Michelson
contrast of 0.06 and 0.05, respectively), as their speckle patterns change less for the same mechanical agitation.
Figure 6: TOP ROW: Illustration of the fiber input: a small laser spot is slowly moved tangentially to the
fiber boundary. For each measurement about 100 images are recorded. BOTTOM ROW: Calculated optical
flow from the resulting near field speckle pattern images. The arrows indicate the direction and speed of how
the speckles moved on average. While the circular fiber shows a highly correlated movement of the speckles, the
other shapes show no visible large scale structures.
fibers. Further measurements are planned to investigate the significance of these results. Similarly, the modal
noise suppression in such fibers is at least as good as in polygonal fibers. Systematic experiments to measure
the speckle statistics are planned in order to check for similarities and differences in the speckle statistics of
polygonal fibers and the D-shaped fiber.
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